ABSTRACT Unipolar, EEPROM-based peak potential sensors and current sensors have been used to characterize the J-V relationship of charging transients which devices normally experience during the course of ion implantation. The results indicate that the charging sources may appear to behave like current-sources or voltage-sources, depending on the impedance of the load. This behavior may be understood in terms of plasma concepts.
INTRODUCTION
The spectacular increases in performance and density of VLSI integrated circuits during the past decade are primarily due to the scaling of device structures, and the use of advanced ionbeam and plasma-based processes. Regrettably, scaling of device structures makes them more fragile, and thus more susceptible to damage by such processes 111. Having, at one time or another, suffered yield losses or degradation of device performance or reliability on their products, IC manufacturers now employ a variety of monitoring procedures to ensure product quality. However, virtually all of them revolve around the measurements of changes in electrical characteristics of various device structures to monitor device damage. These types of monitors, although essential to ensuring product yield and reliability, provide little insight into the cause-effect relationships between device degradation and wafer environment in process equipment. Moreover, the fabrication of these structures invariably involves several processing steps, which convolves their contributions, making it difficult to assess the integrity of individual process steps.
A different approach becomes evident when we recognize that most of the observed damage is due to the transport and trapping of charges in the oxides of IC device structures. Therefore, to effectively monitor the entire spectrum of damage effects, it is sufficient to monitor the magnitudes of the driving forces behind the transport of charges through oxides: (a) the potentials developed across oxides which may cause electron transport due to tunneling, (b) the magnitudes of UV emissions in the range of 3.2 eV to 8 eV [2] to which oxides are transparent, and which excite electrons into the oxide conduction band after which they can be transported through oxides at considerably lower electric fields than would be required for Fowler-Nordheim tunneling (the existence of this phenomenon is evident in the ability to erase floating gate EPROMs in several minutes under UV lamps, while unexposed devices retain data for many years), and (c) the charge flux delivered to the wafer, which ultimately does the damage.
Fortunately, compact sensors for monitoring these driving forces may be built using floating gate EEPROM transistors. [31 In this paper we describe the results of wafer charging experiment conducted on a NOVA10-80 high currcnt ion implanter, and monitored with the CHARM-2 wafers populated with such sensors.
We begin with a brief description of the CHARM-2 measurement technique. Since the full complement of CHARM-2 sensors has been described elsewhere, [3, 4] we focus on data obtained only with unipolar potential and current sensors, since no UV-assisted oxide conduction was observed in this experiment. Using the CHARM-2 data, we clarify a longstanding debate about the nature of charging in high current ion implanters, and develop a wafer charging model. Finally, we discuss a method for predicting oxide wear-out by ion beam or plasma-based processes.
CHARM-2 SENSORS AND MEASUREMENT PROCEDURES
In principle, to measure surface potential of a given polarity, one would employ a charge collection electrode (CCE) on the surface of the wafer, connected to a high input impedance voltmeter, shunted by a diode of opposite polarity, as shown in Figure 1 . Because it is difficult to implement a voltmeter on a wafer, and to supply power to it and receive signals from it inside process equipment, the CHARM-2 sensors employ EEPROM transistors as high input impedance voltmeters with memory. (It is important to use unipolar potential sensors of both polarities because ion implantation continually subjects the wafers to alternating positive and negative transients [5] , both of which need to be monitored.) Charge flux sensors are To perform the desired measurements using the CHARM-2 monitors, we pre-program the threshold voltages (Vt's) of the EEPROM transistors, place the CHARM-2 wafers in process equipment (in this case, ion implanter), perform the process, and measure the resulting Vt's on a parametric tester. Because the EEPROM transistors are re-programmable, this cycle is repeated many times using the same wafer. The conversion of the post-process EEPROM Vt's to surface potentials is done using the Vt-Vg calibration curve, shown in Figure 2 . Knowing the pre-programmed Vt and the post-experiment Vt tells us which of the Vg-Vt curves to use: if the final Vt is higher than the initial Vt, the right-side curve is used; conversely, if the final Vt is lower than the initial Vt, the left-side curve is used to determine the value of Vg, i. e. surface-substrate potential which caused the final Vt. In practice, to ensure maximum sensitivity to positive and negative potentials, half of the sensors have their EEPROM transistors preprogrammed to maximum negative Vt's, while the other half have their EEPROM transistors pre-programmed to maximum positive Vt's. As can be seen from Figure 2 , EEPROM transistors pre-programmed to maximum positive Vt's are thus sensitized to respond to low negative potentials, while EEPROM transistors pre-programmed to maximum negative Vt's are sensitized to respond to low positive potentials. Figure 2 . EEPROM Vt -Vg calibration curve.
EXPERIMENTAL RESULTS
The ion implant experiment, performed at National Semiconductor, employed three CHARM-2 wafers with photoresist on field oxide, and exposed charge collection electrodes. The wafers were implanted with Arsenic at 80 KeV to a dose of 5e15, using a beam current of 6 mA, on an NV10-80 high current ion implanter. The variable was the flood gun current used to neutralize the beam, monitored by measuring the disc current. Three different flood gun settings were employed: flood gun off, corresponding to a disc current of +6 mA, slight overflood, corresponding to a disc current of -1 mA, and substantial overflood, corresponding to a disc current of -8 mA. Increasing the number of flood electrons in the beam lowers the excursions in positive potential and increases the excursions in negative potential. It is interesting to note that at a disc current of -1 mA, the maximum positive and negative excursion are almost symmetrical at +/-20 V. This should minimize possible damage to CMOS wafers since it symmetrically minimizes the stress for both n-channel and p-channel gate oxides. Indeed, this is the nominal production setting for this implant, determined on a large volume of product wafers [61.
The large spread between maximum and minimum values of both positive and negative potentials indicates non-uniform charging, illustrated in more detail on the wafer map of that similar patterns were observed on all three wafers, suggesting that the non-uniformity may be a signature of the equipment, perhaps related to its design.
Let's now examine in more detail the positive charging data obtained on the wafer whose implant beam was not neutralized with flood electrons (disc current = 6 mA), resulting in the largest positive charging. The graph in Figure 5 shows the median CCE potential recorded by the peak potential monitor This same data may also be displayed in the form of a J-V plot which takes into account the size of the CCE, as shown in Figure 6 for the small CCE sensor. This plot completely characterizes the charging source. Once the J-V characteristics of a charging source are determined, the charging behavior of any CCE connected to any load may be predicted by superimposing the load J-V curve on the J-V characteristics of the charging source. The intersection of the two curves determines the value of current density which the charging source can deliver to the CCE sourcing the load. For example, in the case of this implant a CCE connected to a 200 A gate oxide capacitor (which turns on strongly at -20 V) would not cause damage to the oxide since this ion beam is not capable of delivering much charging current at 20 V. However, the same CCE connected to a 100 A capacitor (which turns on strongly at -10 V) would be much more likely to cause damage, since the un-neutralized implant beam is capable of sourcing a very large positive current density at 10 V.
The reduction of positive charging by flood gun electrons is also shown in the J-V charging characteristics in Figure 6 for the case of disc current of -1 mA (nominal production implant). A factor of 10 reduction in charging is observed at Vload of 10 V compared to the case of the un-neutralized beam discussed above. 
THEORY
To explain the curious transition from current-source charging behavior at low VCCE to a voltage clamp at high VCCE, shown in Figure 5 , we turn to a suggestion by Vella [7] , that the ion beam and its charging behavior should be treated as a plasma composed of the beam ions, slow ions resulting from background gases, and plasma electrons. In our model [8] , each of these quantities is represented by a current source, as shown in Figure 7 .
The positive charging by the implant ions is represented by jjb(l+ys), where jib represents the beam flux and ys represents the secondary electron emission coefficient. The positive charging by the slow ions is represented by jjp, and the negative charging by the plasma electrons is represented by jb(exp(eV/kTe)), where Te is the electron temperature, and V is the CCE-substrate potential. It is the strongly non-linear behavior of the plasma electrons which clamps the CCE potential at high voltages: as the CCE potential rises, electrons attracted from the plasma neutralize the positive charging by the beam and the slow ions. This clamps the CCE potential, and reduces the net charging current density for high VCCE, as observed in Figure 6 .
The graph in Figure 8 shows a comparison between the experimental data, the theoretical curve-fit to the small CCE data, and the prediction of the large CCE results based on the small CCE data fitting parameters. It is interesting to note that the secondary electron emission coefficient obtained in this case of photoresist-covered wafers is very high, although to determine its value with precision we need to know the exact area of the ion beam. If beam area of 6 cm2 is assumed, the secondary electron emission coefficient is about 50, which explains why implant wafer charging in the presence of photoresist is much greater than in the absence of photoresist [4] . A comparison between the theoretically predicted J-V characteristics of the charging source, and the small and large CCE data is shown in Figure 9 . The theory predicts a peak charging current dominated by the beam ions and their secondary electrons, which should remain fixed even in the presence of the low energy flood gun electrons. Consequently, attempts to control charging by using flood electrons inherently result in a steeper J-V curve but the same Jload-axis intercept. This is supported by implant charging data obtained at different flood gun setting, as shown in Figure 6 . Regrettably, this will require improved implant process uniformity for thinner ox- ides devices, where the net charging current will need to remain low at low VCCE, over the entire wafer. 
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PREDICTION OF OXIDE WEAR-OUT
In principle, by knowing the J-V charging characteristics of process equipment, which may be obtained using the CHARM-2 wafers, the J-V characteristics of the oxide, the duration of the charging portion of the process (t), the CCE area (Ace), and the gate oxide area (Aox), we can calculate the charge passed through the oxide as Q = JtAcceIAox. If the (&j distribution of the oxide is known before processing, it will be reduced by Q after processing, giving rise to a new & distribution, translated by Q along the & axis. Devices whose Qbd < Q will fail. A similar analysis may be performed to determine if existing process equipment will be able to meet the more stringent needs of a newer, scaled technology. These analyses assume, of course, that the & of the oxide was characterized using wave forms similar to those encountered in the process equipment, and that the temperature experienced by the processed wafers was not sufficient to cause any annealing effects. It should also be recognized that any predicted reduction in & resulting from a given process may not be fully expressed at end-of-line due to subsequent high temperature steps and attendant annealing effects.
SUMMARY
The above results show that the CHARM-2 monitor wafers are an effective tool for studying many aspects of wafer charging in process equipment. They can be used to directly measure the peak positive and peak negative charging potentials and charging currents, and provide wafer maps of these quantities and the total integrated UV dose 131. This "fingerprint" of the driving forces behind charging damage may be used, for example, to ensure reproducible process conditions after equipment maintenance. The monitors are fast and easy to test (only a threshold voltage measurement is needed); they can be calibrated at every point on a wafer to ensure validity of "strange" data; and they are re-usable (hence, more cost effective than existing techniques using product or test wafers). Due to their inherent ability to characterize individual equipment and processes, the CHARM-2 monitors make it easy to isolate offending hardware and processes, thus expediting process and yield improvement. They may also be used to optimize processes to minimize charging damage, or to study the fundamental mechanisms of wafer charging in process equipment. We have used them to obtaii the data needed for empirically-based modeling of wafer charging in high current ion implanters, which clarified some long-standing debates regarding the nature of the charging mechanisms. We also envision using these models and measurements as a starting point for prediction of oxide wear out based on measurements of the basic parameters associated with the fundamental mechanisms governing the operation of process equipment. 
